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Abstract 
Previous studies have shown stimulatory effects of low intensity pulsed 
ultrasound (LIPUS) influenced the major cell types involved in bone healing. 
Moreover, LIPUS was demonstrated to enhance the healing process and also 
accelerated the resumption of bone strength in many clinical studies. LIPUS was one 
of the promising therapies on enhancing fracture healing. 
Attenuation of LIPUS energy was obvious when LIPUS propagated from the soft 
tissue to the fracture site and reducing the efficacy of the stimulatory effects of LIPUS 
on further enhancing the fracture healing process. Scientists tried to avoid the energy 
loss by varying the LIPUS signal parameters or transosseous method. However, these 
methods have different disadvantages. In order to further enhancing the fracture 
healing process by manipulating the physical properties of ultrasound, our previous 
clinical study provided us a suggestion that the stimulatory effect of LIPUS was not 
just localized to the area of direct stimulation. Moreover, our previous studies 
indicated beneficial effects of LIPUS on human periosteal cells and fracture healing. 
With these studies and the physical properties of ultrasound, we hypothesized that 
LIPUS might enhance the treatment effect on fracture healing at critical angle of 
application by maximizing the biological effects on periosteum. In this study, we 
i 
investigated the effects of LIPUS on fracture healing at different incident angles with 
a rat femoral fracture model. 
A femoral fracture was created in left femur of 144 SD rats. Fractured rats were 
randomly divided into LIPUS treatment groups with four different incident angles (0°, 
22°, 35° and 48。）with 20 mins/day and 6 days/week. Radiographically fracture 
healing was analysed. Mechanical testing, densitometric measurement and 
histomorphometry were performed at different time points during fracture healing 
process. 
The results showed that fractures treated with LIPUS at 35° healed significantly 
faster than all other groups, as reflected by the 25 to 40% more samples with complete 
callus bridging in week 8. The radiographs, microCT 3D reconstructed images and 
histomorphology of the fractured femora in 35° group also showed that a more 
I 
extensive bone bridging and faster obliteration of fracture line at the fracture site than 
all other groups after week 6. Advanced callus mineralization of 35° group was also 
demonstrated in higher highly mineralized callus bone volume (BVh) than all other 
groups in week 6. The osseous tissue increased rapidly in 35° group in week 6 and 
reflected in the significantly high osseous to cartilaginous ratio than all other groups 
ii 
in week 8 (p<.02). The torque at bone failure of 35°group was 0.34±0.12Nm，showing 
30 to 64% higher than all other groups and especially the 0° (p=.041) and 22°groups 
(p=.028). 
This study showed that LIPUS transmitted at 35° significantly accelerated the 
fracture healing by further accelerating callus bridging, giving more advanced 
mineralization of callus and enhancing biomechanical properties when compared to 
other treatment groups, especially 0° group. LIPUS transmitted at 35° may be the first 
critical angle in our rat model. The combination of the ultrasound waves (longitudinal 
and shear waves) was maximized by transmitting LIPUS at first critical angle because 
most of the ultrasound waves propagated either along or through the fracture site. 
Most of the ultrasound energy could reach to the fracture site at the first critical angle. 
And, this may indirectly increase in the dose of the ultrasound energy reaching on the 
periosteum and hence this may further stimulate periosteal cell proliferation, 
differentiation, and osteogenic activities with a dose-dependent manner. Thus, this 
may further enhance the callus mineralization in the process of endochondral 
ossification. In conclusion, LIPUS transmitted at 35° may be the critical angle on 
enhancing fracture healing but limited to our study model. The current study 
demonstrated the potential of LIPUS on fracture healing could be further enhanced by 
iii 
I 
manipulating the basic physical properties of iultrasound wave. 
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Introduction 
1.1 Biology of fracture healing process 
The biology of fracture healing is different from the soft tissue healing which 
leads the formation of scar. It is a process of regenerating the anatomy of the bone so 
as to restore its mechanical function. The regenerative process is very complex and 
involves various biological events to coordinate. Fracture healing can be divided into 
primary and secondary fracture healing. Primary fracture healing requires rigid 
internal fixation and because most fractures are treated with some degree of motion, 
this type of fracture healing is rare (Einhorn, 1998). Secondary fracture healing is 
1 . 
more common comparatively and it is a continuous process in which one stage 
. » ； 
overlaps another. The process, in general, is described through four stages: 1) stage of 
• • ‘ • • • I • 
inflammation, 2) stage of soft callus formation, 3) stage of hard callus formation and 4) 
I 
stage of bone remodeling. (Buckealter et al, 2000; Claes et al” 2007). 
I 
1.1.1 Stage of inflammation 
I 
Bone fracture is always accompanied by a variety of cell damaging on tissue 
structures such as blood vessels, bone matrix, the soft tissues surrounded, muscles and 
I 
nerves (Buckealter et al., 2000). Following these damaging, inflammation response 
elicits immediately. The inflammatory cells: polymorphonuclear leukobytes (PMNs) 
which is followed by lymphocytes, blood monocytes, and tissue macrophages arrived 
2 
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at the fracture site to remove damaged and necrotic tissues. Inflammatory cells are 
activated to secrete cytokines that may stimulate angiogenesis (Glowacki et al., 1998). 
Then new blood vessels which are originated from surrounding tissues and the i 
medullary canal form in the periosteal callus. PMNs and tissue macrophages produce 
angiogenic factors under hypoxic and acidic environment. These are characterized as 
the early fracture milieu (Hollinger et al, 1996). Blood extravasated from the 
damaged blood vessels of the bone and clotted to form a haematoma. The 
accumulated haematoma found inside the medullary canal between the fracture ends 
» 
and under the elevated periosteum and muscle. Its formation limits further 
hemorrhage and becomes a fibrin network that aids cellular migration (Gmndnes et 
i 
al” 1993a,b). Mesenchymal and osteoprogenitor cells may arise from the 
transformation of endothelial cells (Einhorn, 1998) in the medullary canal and/or from 
the periosteum (Buckwalter et al” 2000). These cells, within 24 hours after fracture, 
proliferate and differentiate into cartilage and form bone that creates a fracture callus. 
1.1.2 Stage of soft callus formation 
I _ 
The stage of soft callus begins with the pain sensation and swelling subsides. The 
soft callus comprises of fibrous connective tissue and cartilaginous tissue that form an 
external callus surrounding the fracture site. Chondrogenesis occurs in the callus with 
3 
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lower oxygen tension (McKibbin et al, 1978). Mesenchymal and osteoprogenitor 
cells from the periosteum and the surrounding soft tissues become to extend in size, to 
differentiate into cartilage and synthesize an avascular basophilic matrix (Einhorn, 
1998). This region of fibrous tissue is eventually replaced by the cartilage. The soft �. 
callus lasts until the bony fragments are united with the callus. 
1.1.3 Stage of hard callus formation 
In the secondary fracture healing process, the formation of hard callus involves 
. t 
the combination of intramembranous and endochondral ossification (Einhorn, 1998). 
.I • • : . ‘ 
While the chondrogensis is taking place in the external callus to form the soft callus, 
‘ . I '' 
the intramembranous ossification occurs at the same time within the first few days of 
I I 
fracture. The osteoblastic activities in the woven bone opposed to the cortex within a 
few millimeters from the fracture site are shown by the histological evidence (Einhorn, 
1998). The woven bone formation in this region is directly differentiated from the 
precursor cells to be osteoblasts, without the intermediate step of cartilage formation. 
This type of bone formation is referred as the hard callus in the external callus 
(Bolander et al., 1992).The healing process continues with the calcification of 
abundant cartilaginous tissues overlaying the soft callus in the fracture site through 




With the declination of chondrocytes cell proliferation activity in the soft callus, 
hypertrophic chondrocytes become the dominant cell type. These chondrocytes 
together with later coming osteoblasts release membrane-derived vesicles possessing 
enzymes that are required for the regulation of calcification into the extracellular 
matrix (Brighton et al” 1986). Once the callus calcifies, blood vessels invade the 
I 
calcified callus and increase the oxygen tension. Then the invasion of progenitor cells ‘ 
of osteoblast, which form the primary spongiosa, is followed (Bolander et al., 1992). 
Eventually, the soft callus is transformed into woven bone that completes the fracture 
I 
gap. This is also an indication of entering the bone remodeling stage. 
’丨. ‘ 
1.1.4 Stage of bone remodeling 
The last stage of fracture healing process is the bone remodeling stage. In this 
stage, woven bone is gradually converted into lamellar bone, excess callus is resorbed ： 
f I 
• / 
(Hollinger et al； 1996) and the medullary canal is reconstituted. It takes the longest 
‘ • » 
period of time to complete so as to restore the architecture similar to that before the 
fracture occurred. 
1.2 Conventional treatments and its limitations 
External or internal fixation is commonly used to provide additional support for 
5 
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the fractured bones. There are different fracture fixation methods. For instance, 
intramedullary nailing, compression plate fixation and circular external fixation, etc. 
There is no single method or device that is universal for all different types of fracture. 
Despite enhancement on the biomechanics of fracture healing with the 
improvements in surgical tools and techniques, the recovery period of lower limb 
fractures is still long. A tibial fracture usually takes up to three months to recover 
while a hip fracture takes about four to eight months (Leung et al., 2001，2004b). 
One of the main reasons behind the slow recovery is the limitation in mobility due to 
the high pain level, resulting in the reduction in the mechanical loading which can 
.I 
facilitate fracture healing (Brumback et al., 1999; Foster et al., 1991). 
I •.. • 
1.3 Biological treatments in accelerating fracture healing process 
1. 1 
Understanding the biological process of fracture healing provides an opportunity 
for researches to therapeutically enhance fracture healing, delayed union and also the 
nonunion. There are several methods, including the delivery of growth factors, the use 
IJ 
of biological bone grafts and synthetic grafts which have been studied in enhancing 
the fracture healing process. Different growth factors are involved in the fracture 
healing process, so researchers start to manipulate the concentration of these growth 
factors in order to influence the healing process (Trippel et al, 1997; Barnes et al., 
6 
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1999). Evidences are accumulating to show the positive effects (Swiontkowski et al, 
2006; Giannoudis et al, 2005; Zimmermann et al., 2006) but the dosages, treatment 
duration and the selection of appropriate carriers are still required for further 
investigation. The biological bone grafts, especially the autologous cancellous bone 
graft, have been used in orthopaedics extensively. It provides support for new bone 
formation (osteoconductive) and living bone-producing cells, osetoinductive materials 
like growth factors and cytokines, and hydroxyapatite mineral (Gray et al” 1982; 
Bassett et al., 1972). However, donor site morbidity, scarring and infection risk are 
I 
the disadvantages in using biological bone grafts (Younger et al” 1989). Thus, 
. , • . * . ‘ 
different alternative synthetic bone grafts are being sought but qualities of these bone 
graft materials are still required further more clinical investigation (Parikh et al” 
2002). 
V 
1.4 Biophysical treatments in accelerating fracture healing process 
There are several methods to enhance fracture healing, including the biophysical 
and biological approaches. The goal of all these treatments is to accelerate or assure 
the healing of fractures especially for those delayed union and nonunion fractures. 
In response to the biological or biophysical stimulations, skeletal tissues alter its 
synthesis and organization of the extracellular matrix, resulting in the stimulation of 
7 
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bone healing and repair (Ryaby, 2005). In 1954，the landmark study conducted by 




bone, that is the ability of bone to generate an electric potential in respond to the ‘ 
mechanical stress or strain caused by an applied electric field. This provided an 
insight for many researchers on further investigations (Bassett et al., 1962; Anderson 
et al, 1968; Grodzinsky et al” 1978). The first therapeutic device from these findings 
began in the 1960s and followed by the development of noninvasive interventions 
using electromagnetic, Shockwave, and ultrasonic fields etc. 
1.4.1 Electromagnetic fields 
‘ , I 
The effects of electromagnetic fields at the cellular level have been studied for 
J 
over 10 years. Electromagnetic fields were found to have stimulatory effects on both 
signal transduction and growth factor synthesis (Fitzsimmons et al” 1992，1995; 
Lohmann et al, 2003; Guerkoy et al” 2001). Clinically, the efficacy of pulsed 
electromagnetic fields (PEMF) has been shown to stimulate the healing of fracture, 
delayed union and nonunions. Its specific signal parameters, device configuration, and 
treatment durations are crucial to its functions (Ryaby et al., 1998; Connolly et al., 
I 
1974; Duncan et al” 1995, Trock et al” 2000). Nevertheless, precise alignment of 
coils in order to generate appropriate energy to the area of treatment is required but it 
8 
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is not yet been standardized. Prolong treatment is another problem being concerned 





The Shockwave therapy was introduced to treat the delayed and nonunion 
fractures since 1990s (Valchanou et al, 1991; Schleberger et al., 1992). Shockwave 
therapy was shown to stimulate osteogensis (Delius et al., 1995; Biedermann et al., 
2003; Tarn et al., 2004). The advantage in using this therapy is the low complication 
rates. However, there is still no standardization in either the fracture types or the 
treatment durations for its orthopaedic applications (Birnbaum et al., 2002). 
I 
i 
Anesthesia is required because Shockwave therapy generates pain during the treatment 
and also some side effects such as the formation of local hematomas and local 
swelling from the therapy are observed (Schaden et al., 2001). 
1 _ 
1.4.3 Low intensity pulsed ultrasound 
In 1983，Duarte was the first to demonstrate the effectiveness of LIPUS on 
accelerating bone osteogensis (Duarte, 1983). The effects of using LIPUS to treat 
,• I 
fracture have then being widely studied in both basic science and clinical aspects. 
9 
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Many of the studies have shown LIPUS influenced the major cell types involved in 
bone healing: increasing the chondrocyte differentiation (Parvizi et al., 1999); 
stimulating the osteoblast differentiation (Yang et al” 2005); stimulating the 
proliferation and differentiation of periosteal cells toward osteogenic lineage (Leung 
et al., 2004a); enhancing bone regeneration of distraction osteogenesis (Chan et al” . 
i / ‘ i 
2006); and also accelerated the resumption of bone strength (Yang et al, 1996; Wang 
et al., 1994). LIPUS was also demonstrated statistically significant acceleration of 
fracture healing process in clinical trials (Heckman et al., 1994; Kristiansen et al” 
1997); improve fracture healing in the delayed union, nonunion cases (Nolte et al” 
• »I 
2001; Gebauer et al., 2005; Jingushi et al., 2007) and complex fractures (Leung et al” 
2004b). In clinical studies, two prospective double-blind, randomized, 
placebo-controlled clinical trials (Heckman et al., 1994; Kristiansen et al., 1997) 
provided the basis for the LIPUS FDA approval on fracture healing. Hechkman et al. 
studied the effects of LIPUS on acute fracture healing in 67 closed or grade I open 
tibial shaft fractures. They demonstrated LIPUS significantly accelerated the fracture 
healing by 25% faster than the untreated controls (86 days for LIPUS treatment group 
while 114 days for the control group, pc.Ol) based on assessing the pain and 
tenderness at the fracture site. Also, clinical and radiographic healing assessments 





placebo control group (96 days for treatment group while 154 days for placebo group, 
pc.OOl) (Heckman et al” 1994). Besides, in Kristiansen's study, they investigated the 
efficacy of LIPUS on 61 fresh distal radius fractures. They reported a significantly 
37% reduction in healing time for the LIPUS treated group compared to the untreated 
placebo group (61 days for treatment group while 98 days for placebo group, pc.OOOl) 
in radiographic assessments (Kristiansen et al” 1997). Furthermore, our previous 
study on investigating the effects of LIPUS on 30 complex tibial fractures showed 
that significantly 42% reduction in healing time of LIPUS treated group (about 10 
days for treatment group while 17 days for placebo group) in clinical examination 
,.‘ I • 1 
during which the time for removal of external fixator (Leung et al., 2004b). All these 
I t . 
studies have demonstrated that LIPUS is one of the promising noninvasive therapies 
for enhancing fracture healing process. 
1.5 Properties of ultrasound 
i 
1.5.1 Ultrasound signals 
Ultrasound is a kind of acoustic wave above 16 to 20 kHz which is above the 
limit of human audible range. Signal of ultrasound is transmitted by a transducer 
which is coupled to the application site (such as skin) with the water-based coupling 
gel as medium. Ultrasound is produced through vibrations of the piezoelectric 
11 
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materials inside the transducer. i 
Different ultrasound signals are being studied in order to investigate the optimal 
signal on enhancing the fracture healing. Pilla conducted an extensive study on 
fracture healing using rabbits and showed that the ultrasound signal consists of 
1.5MHz ultrasound wave pulsed at IkHz with an intensity of 30 mW/cm^ SATA 
(spatial average temporal average) for 20 minutes per day significantly accelerated 
fracture healing process (Pilla et al., 1990) by a factor of 1.7. After that, most of the 
research, including this study, carried out uses this ultrasound signal. 
I 
1.5.2 Attenuation of ultrasound 
The intensity of the ultrasound wave diminishes with distance when it travels 
• I 
through a medium (Wells, 1969). There are two main mechanisms, absorption and 
scattering, that can weaken the amplitude of the signal and intensity of ultrasound. 
Absorption is the conversion of ultrasonic energy to other forms of energy (such as 
thermal energy) while scattering is the reflection of ultrasound wave in directions 
different from its original direction of propagation. The combined effect of these 
mechanisms is called attenuation (Wells, 1969). When the ultrasound wave travels 
through the soft tissues, muscle and finally to the bone, most of the intensity of 
ultrasound loses in the way of propagation. Different tissues have different attenuation 
12 
Introduction 
coefficients and they are published in terms of dBcm'^MHz"^ (Table 1.1) (Parvizi et al” 
2 0 0 5 ) . 丨 
I I . I Table 1.1 The attenuation coefficients of different biologic tissues. 
Tissue Ultrasound Attenuation coefficient (dBcm'^MHz"^) (Well, 
1999; Goss et al., 1979) 




The attenuation of intensity expressed in decibels is defined as -101ogio(I/Io), in 
which lo is the incident ultrasound intensity and I is the attenuated intensity (Parvizi et 
I 
I 
al., 2005). If the ultrasound wave with 1.5MHz at a intensity of 30mW/cm2 passes ！ 
through 0.5cm depth of skin, fat and tendon and 2 cm depth of muscle before reaching 
the femur, approximately 77% of ultrasound intensity is attenuated. Only about 
7mW/cm2 will be able to reach the femur (Parvizi et al., 2005). Attenuation is one of 
the major disadvantages for using ultrasound on accelerating fracture healing. There 
are some studies carried out in order to overcome this problem. Malizos et al 
investigated the effect of applying the LIPUS directly to the bone surface in order to 
avoid the energy loss. They showed that low intensity transosseous ultrasound j 
I accelerated fracture healing, increased cortical bone mineral density and mechanical 
strength (Hantes et al., 2004; Malizos et al” 2006). Moreover, Reher et al studied the 
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long wave ultrasound (45 kHz) which could increase the penetration depth compared 
to the traditional high frequency ultrasound (1 MHz) in vitro. They showed that the 
long wave ultrasound increased the osteoblast collagen production by 112% compared 
i 
I j 
with the untreated control while traditional ultrasound increased 55% only (Reher et | 
al., 1998). These studies suggested maximizing ultrasonic energy to the fracture might 
further enhance the beneficial biological effects of LIPUS on the fracture healing 
process. 
1.5.3 Modes of ultrasound wave propagation 
• t« 
Ultrasound can travel in a solid material by different modes. Longitudinal and 
< • • J . 
shear (or transverse) waves are two most common modes of propagation of ultrasound ； 
！ , ： � . i 
(Wells, 1969; Parvizi et al., 2005). Particles in Longitudinal waves oscillate in the 
‘ . ‘ 
direction the same as the wave propagation while particles in shear waves oscillate in 
, •. • I 
the direction perpendicular to the wave propagation (Fig. 1.1，p.21). 
During the LIPUS treatment, longitudinal waves are emitted by the ultrasound 
I 
I 
transducer and are passed through the soft tissue, fat, and then muscle before reaching 
to the bone. When the ultrasound wave transmits to an interface between materials of 
different density and acoustic velocity (acoustic impedance) at an oblique angle of 
14 
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incidence, conversion of one type of wave to another (mode conversion) occurs 
(Parvizi et al” 2005). Due to the difference of acoustic impedance of soft tissue and 
bone, when longitudinal ultrasound wave transmits from the soft tissue in the bone 
interface at an angle, some of it will be converted into shear (or transverse) wave. The 
result of this mode conversion is that only a proportion of the original longitudinal | 
i I 
I 
waves will continue to transmit through the bone. The rest will either be reflected or 
in form of shear waves, transmitting through the bone (Parvizi et al., 2005). 
1.5.4 Reflection and critical angle 
When ultrasound wave transmits through an interface between two materials 
with different acoustic impedance such as soft tissue and bone, not only the mode 
conversion occurs, but the reflection and refraction also occurs (Fig. 1.2，p.22) (Wells, 
I i 
1969). The relationship of between the angles and the velocities of waves can be 
, c 11，T sinl9 sin0 sinj3 siny .丄 i .‘ ：丄 
described by Snell s Law: = = = ，where c is the velocity of the c c V w 
longitudinal in mediuml (soft tissue); v is the velocity of longitudinal wave in 
medium 2 (bone); w is the velocity of shear wave in medium 2 (bone); . is the angle 
of incident; . is the angle of reflected; . is the angle of refracted longitudinal wave 
and . is the angle of refracted shear wave (Fig. 1.2，p.22). 





angle larger than the critical angle, total internal reflect occurs and much of the wave 
reflected at the interface. However, when the incident ultrasound wave transmits at 
the critical angle, much of the refracted ultrasound wave travels along and around the 
interface by longitudinal wave and shear wave respectively. There are two critical 
angles for ultrasound because the velocity of longitudinal and shear waves is different 
when they propagates into a medium and the corresponding velocity is dependent on 
i 
the density and the elastic properties of the medium (Wells, 1969). At the first critical 
angle, longitudinal wave travels along the interface while the shear wave still 
propagates into the interface. At the second critical angle, shear wave travels along 
the interface while longitudinal wave reflects at the interface. By adopting this 
concept to our study, this may maximize the energy of ultrasound wave travelled 
along the fracture site by longitudinal or shear waves if the ultrasound wave is 
transmitted at either the first or the second critical angle (Fig. 1.3，p.23). 
As Snell's Law governs the angle at which ultrasound waves (i.e. longitudinal 
( , 
and shear waves) propagate after they encounter the medium interface such as soft 
tissue/ bone, the first and the second critical angles can be calculated by using Snell's 
Law. Figure 1.4 (p.24) illustrates the calculations for achieving the critical angles 
when the ultrasound waves propagated from the transducer of LIPUS device (Exogen 
2000+®, Exogen, Smith & Nephew Inc. Memphis, TN, USA) through the squeezing 
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gel to the soft tissue and the bone. Using Snell's law: 
sin 0 sin a , ^ , ^ sin 0 sin 6 sin y sin 6 
= ，and a = 0, therefore = =———=——— Vu V^ V l i V^ VS3 V^ Y y then, p = arcsin(—sin 0); y = arcsin(—sin 0 ) 
where Vuis the velocity of the longitudinal in medium 1 (squeezing gel); Vi^is the 
velocity of the longitudinal in medium2 (soft tissue); Vl3 is the velocity of refracted 
longitudinal wave in medium 3 (bone); V u is the velocity of refracted shear wave in 
medium 3 (bone);. and . are the angles of incident; . is the angle of reflected;. is 
the angle of refracted longitudinal wave and . is the angle of refracted shear wave. It 
I • ,1 
was assuming that most of the waves arriving at the squeezing gel to soft tissue 
interface to be refracted as longitudinal waves. For the critical angle calculations,. 
and . must be 90� . The speeds of sound used are: 
»• 1 .. . ^ '« 
Vu=1390m/sec，as measured by Smith and Nephew Inc. 
1 . • ._ 
VL2=1540m/sec (not necessary in the equations) (Antich et al., 1997) 
I 
VL3=3000m/sec - 3800m/sec (Duck, 1990) 
Vs3=1630m/sec- 1890m/sec (Duck, 1990) 
1 I 
The' resulting values for a range of angles to achieve the first and second critical 
angles are listed in the following table: 
. _ I 
17 
Introduction 
Table 1.2 A range of angles calculated form SnelPs Law to achieve the first and 
second critical angles 
^ ^ ^ . ( M o d a l i 
I 
I Converter) j 
. . , 1390 m/sec 3000 m/sec 27.6° 
ist Critical Angle 
1390 m/sec 3800 m/sec 21.45� 
1390 m/sec 1630 m/sec 58.51° 
2nd Critical Angle 1390 m/sec 1890 m/sec 47.34° 
Theoretically by the calculation from Snell's Law, the first critical angle for 
maximizing longitudinal wave on the bone surface is ranged from 21.45° to 27.6° 
while the second critical angle for maximizing shear wave is ranged from 47.34° to 
58.51°. However, the actual critical angles on the bone surface still depends on the 
i factors such as type, geometry and density of bone, which affect the velocity of I 
• i 
longitudinal and shear waves when they propagated through the bone (Wells, 1969). 
1.6 Insights from previous studies 
Our previous studies indicated the beneficial effect of LIPUS on human 
periosteal cells (Leung et al” 2004a) in vitro and complex fracture healing clinically 
(Leung et al., 2004b). LIPUS was shown to stimulate periosteal cell proliferation, 
} 
differentiation and osteogenic activities (Leung et al” 2004a). Periosteal cell is the 
cell made up the perioteum. Periosteal cells played an important role in the fracture 
healing process (Ham, 1930) by differentiating into osteoprogenitor cells (Leung et al., 
2004a) during the healing process. Moreover, periosteum is shown to be important for 
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bone formation (Kojimoto et al., 1988). These implicate that enhancing the 
stimulatory effects of LIPUS on periosteum may be one of the mechanisms to 
accelerate the fracture healing process. In the clinical study, a phenomenon was found ； 
that the callus formed on the posterolateral surface while the LIPUS transducer was ‘ 
applied on the anteromedial surface. This suggested the stimulatory effect of LIPUS 
was not just localized to the area of direct stimulation (Leung et al., 2004b). With the 
findings in these two studies and alongside with the physical properties of ultrasound 
transmission, by maximizing the combination of the longitudinal and shear waves 
‘I ‘ ‘ • • 
traveling along the bone surface may maximize the stimulatory effects of LIPUS on 
‘ . . . . i 
periosteum and hence, this may be one of the keys to the efficacy of the LIPUS 
J ： 
I I treatment on accelerating the fracture healing process. I 
• j 
I , •. 
1.9 Hypothesis 
Based on the physical properties of ultrasound, we hypothesized that LIPUS 
might enhance the treatment effect on fracture healing at critical angle of application 
1 
by maximizing the energy of LIPUS on the fracture site and hence maximizing the 
biological effects on periosteum. 
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1.10 Study plan 
In order to investigate the effects of LIPUS on fracture healing process at 
different incident angles, eight-month-old female SD rat was used to create a closed 
femoral fracture model, according to our well established protocol (Einhorn et al, 
I ! 
1984). Fractured rats were randomly divided into four different groups with four 
i 
different incident angles (0°, 22°, 35�and 48°) with LIPUS. Eleven samples, eight for 
mechanical test and three for histomorphological study, were used for each time point. 
LIPUS treatment started the next day after fracture creation. Radiography was taken 
for weekly monitoring of the fracture healing process. The rats will be euthanized 2，4， 
I 
6 and 8 weeks after fracture. 
Femora of each sample were harvested for the end-point measurement. The 
femora were subjected to the micro-computed tomography scanning to assess the _ 
bone micro-architecture non-invasively and then for histology and mechanical testing. 
Histological sections were for qualitative and quantitative assessment while 
mechanical testing was carried out to measure the mechanical properties of the healed 
bone. 
1.11 Objectives 
To study the effects of LIPUS treatment on fracture healing at different incident 
angles on bone formation, bone strength restoration and related biological changes. 
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Fig. 1.1 The direction of particles in longitudinal wave oscillates in the direction the 
same as the wave propagation while the direction of particles in shear wave oscillates 
to the direction the perpendicular to the wave propagation. 
21 
Introduction 
Incident Wave , Reflected Wave ) 
e I 小 j / I Medium 1: 




‘ M e d i u m 2: 
p ^ ^ 、 > Bone 
I Refracted 
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Fig. 1.2 The equation of Snell's Law and the diagram illustrating the Snell's Law. 
c : velocity of the longitudinal in medium 1 (soft tissue) 
V： velocity of longitudinal wave in medium 2 (bone) 
w: velocity of shear wave in medium 2 
9: angle of incident 
O: angle of reflected 
p: angle of refracted longitudinal wave 
Y： angle of refracted shear wave 
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Fig. 1.3 When the incident ultrasound wave transmits at the first or second critical 
angle, much of the refracted ultrasound wave travels along the bone surface by 
longitudinal wave or shear wave respectively. 
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Fig. 1.4 Graph illustrating the path of ultrasound waves propagated from the 
transducer of LIPUS device (Exogen 2000+®，Exogen, Smith & Nephew Inc. 
Memphis, TN, USA) through the squeezing gel to the soft tissue and the bone. 
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Session 2 
Materials and Methodology 
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In this study, all reagents were purchased from Sigma (St. Louis, Missouri, USA) 
unless specified. The sodium pentobarbital was purchased from Alfasan (Woerden-
holland, Holland) and the Kirschner-wire was purchased from Sanatmetal Ltd.(Eger, 
Hungary). 
2.2 Closed femoral fracture rat model 
2.2.1 Operation procedures 
I 
The closed femoral fracture model was established according to the previous 
protocol (Einhorn et al, 1984). The rats were anaesthetized with sodium pentobarbital 
(50 mg/kg per ml; Alfasan Woerden-holland, Holland) intraperi tone ally (ip). The left 
limb of the rat was cleansed and shaved before the operation. A 1 cm incision was made 
over the medial side of the left patella. The femoral condyle was exposed by dividing the 
longitudinal fibers of the quadriceps mechanism medially and dislocating the patella 
laterally. An 18G needle was used to ream in the medullary canal through the 
intercondylar notch (Fig. 2.2a, p.37). A 1.2mm x 45mm Kirschner-wire (Sanatmetal Ltd., 
Hungary) was then introduced into the canal and exited through the greater trochanter 
k • 
(Fig. 2.2b, p.37). The proximal end of the Kirschner-wire was accessed by making the 
incision over the greater trochanter. The proximal end of the Kirschner-wire bent by 180° 
like a hook and it was cut to leave a 3mm handle (Fig. 2.2c, p.37). The Kirschner-wire 
was buried beneath muscle subsequently and the distal end of the Kirschner-wire was cut 
flush with the cortex of the patella groove and buried inside the canal in order not to 
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interfere with the motion of the knee (Fig. 2.2d, p.37). The soft tissue and the patella 
I 
1 
were closed with 3-0 silk sutures (Fig. 2.2e, p.37). The rat was placed on the stage of the ！ 
fracture apparatus (Fig. 2.1，p.36) which consisted of a frame, animal support system, 
blade and a 500g steel weight and the blade was positioned at the femoral midshaft. The 
femur of the rat was fractured by the force of 500g weight dropped from a height of 35cm 
(Fig. 2.2f-g, p.37). Radiographs were taken to confirm the position and the orientation of 
each fracture after each creation of closed femoral fracture sample (Fig. 2.2h-I, p.37). The 
procedures have been approved by the animal ethical committee of the Chinese 
University of Hong Kong (Ref. no: 06/059/MIS) (Appendix I，p.ll9). 
2.3 � Groupings 
One hundred and forty-four 8-month-old female normal Sprague-Dawley (SD) 
rats were used in this study. They were divided randomly into four different treatment 
groups with four different LIPUS incident angles (0°, 22°, 3 5 � a n d 48�) . A serial of x-
rays was used to justify the time for three fractured rats without any treatment to heal by 
two orthopedic surgeons. The time selected was the longest time point in this study. 
There were four time points, week 2, 4，6 and 8 for each group； Eleven samples, eight for 
mechanical test and three for histomorphological study, were used for each time point, 
except week 2 during which callus was too soft for mechanical test and three samples 
were used for histology only. (Table2.1) 
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Table 2.1. The study design with regard of grouping, time points and number of 
animals 
I I • , Mechanical Histology . Groups testing (n=3/time point) (n=8/time point) 
G ( 0 � ) Week 2,4,6,8 Week 4,6,8 
R (22°) Week 2,4,6,8 Week 4,6,8 
Y (35°) Week 2,4,6,8 Week 4,6,8 
B (48�) Week 2,4,6,8 Week 4,6,8 
Total numbers of 川 ^^ , 4o yo sample 
. ‘ 
2.4 Low Intensity Pulsed Ultrasound treatment 
i 2.4.1 Incident angles determination j 
As mentioned in the Session 1.8.4，the actual critical angles for ultrasound waves 
propagated through the bone depended on various factors such as type, geometry and density of 
bone (Wells, 1969). Therefore, experiment using a bovine femur and a water to bone interface 
was carried out by Smith and Nephew Inc. to determine the appropriate critical angles to be 
studied. From the experimental data obtained, the values for first critical angle were around 20°-
22�and for second critical angles were 40°-48®. 0° which was the normal angle as the control, 
22® which was the first critical angles to maximize the longitudinal wave on the bone surface, 35� 
was the incident angles in between the first and second critical angles transmitting a mix of 
longitudinal and shear waves to the bone and 48^  which was the second critical angles to 
maximize the shear wave:on the bone surface. . > .11 i 
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2.4.2 LIPUS devices 
LIPUS device (Exogen 2000+®，Exogen, Smith & Nephew Inc. Memphis, TN， 
USA) which transmits ultrasound signals at 1.5 MHz frequency, 1 kHz repetition rate and 
200 \is pulse duration. There were four LIPUS devices corresponding to four different ‘ 
incident angles (Fig. 2.3，p.38). Due to the different distances between LIPUS transducer 
and the treatment surface at different incident angles (larger the incident angle, longer the 
distance LIPUS travels from transducer to treatment site), the power of the LIPUS 
devices were tuned so as to achieve the same energy (30 mW/cm Spatial Average-
Temporal-Average (SATA) intensity) delivered to the treatment surface. The power 
tuning of the devices and intensity were calibrated technically by Smith & Nephew Inc. 
2.4.3 Set up of standardized platform 
The consistency of the LIPUS at different incident angles in four different 丨 
I I 
treatfnent groups was assured by a standardized platform. It consists of an angle holder, a 
treatment site positioning device, a pair of leg rests and a pair of top and base platforms 
(Fig. 2.4，P.39). The positioning of the rat femur was standardized by a pair of leg rests so 
as to ensure the fractured femur was placed on the top of the LIPUS transducer. The red 
screw indicated the center of the LIPUS transducer so that the fracture site was fixed at 
the proper position in every treatment (Fig. 2.5，p.40). There were four different angle 
holders with four different incident angles (0°，11�, 35° and 48°) (Fig 2.6，p.41). In the 




Materials and Mehodolgy 
in the space between LIPUS transducer and the rat treatment surface (Fig. 2.7，p.42) for 
LIPUS signal transmission. 
2.4.4 Treatment procedure 
Fractured rats randomly allocated into four different treatment groups (0°, 22。， 
35° and 48。）were treated with LIPUS at the specified angles accordingly. The LIPUS ； 
treatment was started the next day after fracture surgery and until the corresponding end 
point. Each rat was anaesthetized with sodium pentobarbital (50 mg/kg per ml; Alfasan 
Woerden-holland, Holland) intraperitoneally (ip) before the treatment. During 
anaesthetization, the medial left femur of the rat was shaved and a thin layer of 
ultrasound coupling gel was applied. Then the rat was held on the corresponding standard 
platform (Fig.2.4, p.39) with different incident angles (i.e. 0 � 2 2 \ 35�and 48°) for 
LIPUS treatment (Fig.2.5, p.40). The fracture site was then positioned on the center of 
the surface of the squeezing gel and was fixed with the treatment site positioning device 
on the platform (Fig. 2.4，p.39). The ultrasound transducer was placed in contact with 
another side of the squeezing gel through a thin layer of coupling gel. The LIPUS device ！ 
1 
(Exogen) transmitting ultrasound signals at 1.5 MHz frequency, 1 kHz repetition rate and 
200 \xs pulse duration was used for 20 minutes per day and 6 days per week until 
euthanasia. 
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2.5 Radiographic analysis 
For the purpose of routine monitoring on the healing status, the anteroposterior 
(AP) and lateral views of all samples were radiographed weekly post-surgery at equal 
magnification using a cabinet X-ray system model 43855C (Faxitron, Illinois, USA) for 
routine monitoring the fracture healing (Fig 2.8a-b, p.43). Each sample was put on the 
shelf position 6 with 76 cm away from the x-ray source. The standard calibration scale 
and the radiographic signals of each sample were the same at 60 kV, 0.3 mA for 3 
seconds. The X-ray films were digitalized with a scanner (EPSON PERFECTION TM 
4996) at 400dpi, according to our established protocol (Lee et al” 2003). In radiographic ‘ 
assessment, the healed fracture referred to the consolidation of the fracture line 
(Sarmiento et al, 1995). In qualitative analysis, the fracture bridging rate was examined 
by two blinded orthopaedics surgeons using a standard scoring system (Fig. 2.8c, p.44) 
(Garrett et al, 2007). The complete bridging of the callus was giving a score larger or 
equal to five. To quantify the radiographic data for analysis, the callus width and the 
mineralized callus area of the lateral view of all samples were measured by the 
Metamorph Image Analysis System (Universal Imaging Corporation, Downingtown, PA) 
(Leung et al, 2004). The width of the callus (Fig. 2.9，p.45) was measured by subtraction 
of the width of total callus by the width of the cortical bone while the callus area (Fig. 
2.10j p.45) was traced by the software in the lateral view of radiograph. Both of the 
measured values were represented in pixel form which was then converted back to the 
actual values by using the standard calibration scale on each X-ray film. 
I 
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\ » 2.6 I Micro-Computed Tomography | 
2.6.1 Micro-Computed Tomography scanning 
The femora after the removal of the K-wire from the intramedullary canal of each 
sample were harvested at the end of the corresponding time point. Micro-computed 
tomography measurements were performed by a desktop [xCT system (jiCT 40，Scanco 
Medical, Bassersdorf, Switzerland) to assess the micro-architecture of the healing femurs 
at different time points with using the protocol established before 问ao et al, 2004, Siu et 
al, 2007). Each femoral specimen was placed in a 20.5 mm diameter sample tube filled 
with saline at the same orientation. A scout view was acquired to encompass a range of 
7.36mm with 3.68mm proximal and distal to the fracture line. Totally, 368 micro- i 
tomographic slices with 20|im slice increment, which covered the cortical diaphyseal 
•‘ • •：丨 
bone and the periosteal and endosteal callus, were obtained and the two-dimensional CT 
images were reconstructed at 512x 512 pixels. 
2.6.2 Micro-Computed Tomography analysis 
By using the built-in evaluation program of the fxCT system, the callus bridging 
and the bone architecture were evaluated. 2D evaluation was used to determine the 
threshold for drawing the region of interest (ROI) and reconstructing the 3D images for 
after, all evaluations by using the protocol established previously (Hao et al” 2004, Siu et 
al., 2007). The threshold was selected by comparing the thickness of the bone between 
the 2D CT image and the evaluation counterpart. The threshold was set at 165 which 
could encompass most of the mineralized tissue but not the soft callus (Fig 2.11, p.46). 
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The 3D images were reconstructed at the same threshold level to determine the healing 
process of the fractured bone qualitatively. For quantitative bone morphometry analysis, 
the mineralized tissues were differentially segmented into high and low radio-opacity by | 
a two-level global thresholding procedure (Miiller et al, 1997). All the samples used the 
same parameters for the filter support at 2 voxel width, the filter width ( a =1.2) and the 
threshold (low attenuation = 165, the value encompassed mainly the newly formed bone; 
high attenuation = 350, the value encompassed mainly the cortical bone and highly 
mineralized callus bone, in per mille of maximal image gray value) to binarize (Fig 2.12, 
p.46) .The threshold selected by using the method mentioned before. The quantitative 
analysis was carried out using a 3D approach and the parameters studied were as follows: 
(i) total volume of callus, including all the space contoured, the cortical bone, newly 
formed bone and unmineralized tissue (TV, mm^); (ii) volume of low radio-opacity bone 
(BV/, mm�，representing mainly newly formed bone); (iii) volume of high radio-opacity \ 
bone (BVh, mm^, representing the cortical bone and newly formed, highly mineralized 
callus bone); (iv) the total bone volume of callus that is the combined bone volume of 
BVl and BVh (BVt, mm�）(v) bone mineral density (BMD, mg HA/cm^), the volumetric 
bone density of the entire scanned fracture region (vi) bone mineral content (BMC, mg 
HA), calculated by multiplying the BMD with the BVt. These parameters were used as 
either direct overall measures or expressed as a percentage of the total volume of callus 
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2.7 Histology 
2.7.1 Sample preparation 
Three harvested femora from each group and each time point were fixed with 4% 
formaldehyde for 2 days. All samples were then decalcified with 9% formic acid for one 
I 
I 
week. After that, decalcified femora underwent tissue processing before embedded in the 
paraffin by using the well established protocol before (Leung et al, 2002). After the 
samples were dehydrated with increasing concentration of ethanol and then processed 
with xylene by the Shandon Pathcenter tissue processor (Shandon, Pittsburgh, PA), the 
samples were embedded in the paraffin wax (Leica Microsystems GmbH, Germany). 
Each of the section with l\km thickness was cut along the axis of the femur in the sagittal 
plane by the rotatory microtome (Leica RM2165 Microsystems GmbH, Germany) and 




2.7.2 Histomorphometrical analysis 
Both qualitative and quantitative analyses were conducted by comparing among 
different groups in terms of the healing stages. All stained sections were digitized and 
analyzed by using the Metamorph Image Analysis System (Universal Imaging 
Corporation, Downingtown, PA, /75A).Quantitative analysis was made by measuring the 
area fraction of cartilaginous and osseous tissues of the total callus area (Fig. 2.13，p.47). 
A total of 7.6mm with 3.8mm on either side of the fracture line of each section stained 
with H&E was used for the analysis. The area of cartilaginous and osseous tissues was 
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determined in the H&E sections丄 The areas measured the average values of three slides of 
each sample in each time point for each stained section 
2.8 Mechanical Testing 
Eight femora of each group and each time point were harvested together with soft i I i 
tissue. After the microCT assessments, the femora were enclosed by gauze sucked with 
saline and shipped to Smith and Nephew (York, UK) for performing the mechanical 
torsional test. All specimens were tested at room temperature with the torsion testing 
machine (Model 55MT; Instron, Inc., Massachusetts, USA) at the rate 17s. The torque at 
bone failure (Nm) and the torsional stiffness (Nm / radians) which is the tangent at the 
point of maximal slope were calculated from the load-displacement curves as described 
previously (Turner et al, 1999). 
2.9 Statistical analysis 
I 
The results were expressed in mean 土 1 standard deviation. Differences in the 
above mentioned measurement variables, including the quantitative radiographic, BMD, 
microCT, quantitative histomorphormetry and biomechanical data were compared by the 
one-way analysis of variance (ANOVA) among different groups and followed by a post 
hoc multiple comparisons (Tukey test for pairwise comparisons). Statistical significance 
was set at p 0.05. All these statistical analyses were done with SPSS 15.0 (SPSS, 
Chicago, IL, USA) for Windows software. 
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Fig. 2.1 Fracture apparatus for creating fracture in rat model, which consists of a frame, 
animal support system, blade and a 500g weight. 
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Fig. 2.2 The operation procedures of the creation of closed femoral fracture rat model. An 
18G needle was used to ream in the medullary canal through the intercondylar notch (a). 
A 1.2mm x 45mm Kirschner-wire was then introduced into the canal and buried inside 
the canal (b，c, d). The soft tissue and the patella were closed with 3-0 silk sutures (e). 
The rat was placed on the stage of the fracture apparatus to create the closed fracture (f, 
g). Radiographs were used to confirm the position and the orientation of each fracture 
after each creation of closed femoral fracture sample (lateral view: h, AP view: i). 
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Fig. 2.3 The four LIPUS devices corresponding to four different incident angles (0。，22°, 
3 5 � a n d 48。）(Exogen 2000+®，Exogen, Smith & Nephew Inc. Memphis, TN, USA). 
Due to the different distances between LIPUS transducer and the treatment surface at 
different incident angles (larger the incident angle, longer the distance LIPUS travels 
from transducer to treatment site), the power of the LIPUS devices were tuned so as to 
achieve the same energy (30mW/cm^ SATA intensity) delivered to the treatment surface. 
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Fig. 2.4 The stardardized platform for holding the rat in postion for the LIPUS treatment 
at different incident angles. The platform consists of an angle holder, treatment site 
positioning device, a pair of leg rests and a pair of top and base platform. 
39 
Materials and Mehodolgy 
I 
Fig 2.5 The side view of treatment positioning device which indicates the center of the 
LIPUS transducer so that the fracture site was fixed at the proper position in every 
treatment. 
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Fig. 2.6 Side view of the treatment platform at different incident angles. There were four 
different angle holders with four different incident angles (0°，22°, 35�and 48°). 
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Fig. 2.7 There are three squeezing gels corresponding to the incident angles filling the 
space between LIPUS transducer and the rat treatment surface. 
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Original bone Marrow space 
Radiodense callus material I Bridging across bone 
Fracture Score LJ • 
- _ 0 No evidence of any healing 
冊 
- - - 1 Radiodense material away from facture sight 
‘ ：二 = ， 2 Radiodense material appearing at facture sight 
^ ^ - - - o Callus appearance both sides oft facture sight 
: 二 I 口 4 Bridging on one side with callus formation at facture sight 
/TfTpN 
. - L | g Bridging on one side with bridging of callus 
unu 
一 - 1 � g Bridging on one both sides with bridging of callus UUy 
' M • 7 Resolution of callus and healing of bone ^ 
W � 
Fig. 2.8a-c The fracture healing of the rat was routine monitored by radiography and 
rated by a standard scoring system, (a) The pose of the rat to take a lateral view, (b) The 
pose of the rat to take an AP view. (c)The standard scoring system used to examine the 
fracture healing rate of the rat (Garrett et al., 2007). 
44 
Materials and Mehodolgy 
Fig. 2.9 The width of the callus was measured by subtraction of the width of total callus 
(a) by the width of the cortical bone (b) in the lateral view of radiograph (Magnification: 
3X). 
Fig. 2.10 The mineralized callus was contoured as the callus area in the lateral view of 
radiograph (Magnification: 3X). 
45 
Materials and Mehodolgy 
Fig. 2.11 The white shaded area appeared for the selected threshold. Threshold that could 
encompass most of the mineralized tissue but not the soft callus was selected for 
evaluation. 
Fig. 2.12 The 3D reconstructed image showing that the fractured fermur was 
differentiated into low (blue shaded) and high (grey shaded) radio-opacity bone. 
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mm 
Fig. 2.13 Histological sections of 2-week fracture callus. The osseous area (a) and the 
cartilaginous area (b) was contoured by Metamorph Image Analysis System (Universal 







3.1 Radiographic analysis 
3.1.1 Qualitative analysis 一 Callus bridging rate 
For qualitative radiographic assessment, the complete mineralized callus 
bridging percentage and the score of the fracture healing were shown in Fig.3.2a-b. 
The complete callus bridging percentage of 22° group was higher than other treatment 
groups in week 5 and 6，but the bridging rate became no change after week 6 in 
66.7%. While in 35° group, about 92% of samples's callus bridged in week 8 and it 
was nearly 40% more than the 0° and about 25% more than 11。and 48° groups 
despite there was no significant difference found (Fig.3.2b，p.57). The average score 
of the fracture healing in 35° group was higher than other treatment groups after week 
6 although there was no statistically significant differences (Fig.3.2a, p.56). The 
obliteration of the fracture line and the bridging of the fracture gap of 35。group were 
» . . • 
more advanced than other treatment groups after week 6 (Fig.3.1, p.55). 
3.1.2 Quantitative analysis 一 Callus area and callus width 
Quantitatively, the callus area and callus width increased rapidly in first two i 
weeks in all groups (Fig.3.3a-b，Table 3.1, p.58-60). The 0° and 35° groups reached 
their greatest callus area in week 3 while the 22° and 48° reached in week 4 (Fig.3.3a， 
p.58). The callus area of 35° group was larger than all the other groups at earlier time 
points from week 2 to 4 and the callus area in 35° group was significantly larger than 
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22° group in week 2 and 3 (p=0.013, 0.007 respectively) in the radiographic analysis. j 
The other two treatment groups, 0°and 48。，showed a larger callus area than that of 
the 22° group at all the time points but did not show any statistically significance. The 
callus width of all the groups was similar with the value about 2 to 2.5 mm at different 
time points and there were no significant differences among all the groups (Fig.3.3b， 
P.59). 
3.2 Micro-computed tomography analysis 
3.2.1 Qualitative analysis 一 3D reconstructed images ！ 
The 3D images reconstructed by the microCT showed that the fracture of 35° 
group was bridged by the new cortex and trabecular bone much earlier than other 
treatment groups. The fracture line of 35° group at the fracture gap started to 
obliterate in week 6 while the other treatment groups started to obliterate in week 8 
(Fig.3.4a, P.62). Qualitatively, the calcified periosteal callus was mainly composed of 
low radio-opacity trabecular bone and then remodeled by resorption of the callus, 
I 
reflected by the increase of the bone density of the callus (high radio-opacity bone) I ‘ 
close to the cortex bone (Fig.3.4b, p.62). The mineralization of the 35° group was 
shown to be faster than other treatment groups and the highly mineralized callus 
tissue (high radio-opacity bone) of the 35° group appeared earlier and more in the 
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callus in week 6 in the 3D reconstructed images (Fig.3.4b, p.62). 
1 
3.2.2 Quantitative analysis - Bone volume of callus 
I 
Quantitatively, a linear increase from week 2 to week 6 followed with a gradual 
decrease from week 6 to week 8 in the total bone volume of callus (BVt), the total 
callus volume (TV) and the low radio-opacity bone volume (BVl) were shown in all 
treatment and control groups (Fig.3.5a-b，Fig.3.6a，Table 3.2，p.63-69). On the other 
hand,the high radio-opacity of bone volume (BVh) increased linearly from week 2 to 
week 8 in all treatment groups (Fig.3.6b，p.66). The BVh of 35° group were higher 
than other treatment groups especially significant higher than 22° group in week 6 i 
I i I •.>••. I 
(Fig.3.6b, p.66). The BVt and BVl of 48° group reached its peak in week 4，during 
which BVl significantly larger than all the groups. 
For the relative percentage of the BVl, BVh and BVt to the total callus volume 
(TV) (Table 3.3, p.71), there was no significant difference found among all the 
treatment groups in general except in the week 4，the relative percentage of BVh/TV 
of 0° group was significantly higher than 48° group. 
‘ 1 
I 3.2.3 Quantitative analysis - Bone mineral density and bone mineral content 
The bone mineral density (BMD) of all the groups remained similar values from 
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week 4 to 8 (Fig.3.7a, p.67). In week 2，the BMD of 3 5 � w a s significantly higher than 
other two treatment groups, 0° and 22° groups. 48° group also showed significant 
higher BMD value with these two treatment groups. Nevertheless, the BMD of 48° 




contrast to BMD, the bone mineral content (BMC) increased gradually from week 2 
to 8 in 0°，21。and 48°groups while for the 35° group, the BMC value increased from 
week 2 to 6 and decreased gradually from week 6 to 8 (Fig.3.7b, p.68). In week 6，the 
BMC value of the 35° groups was significantly higher than 22° group. 
\ • 
3.3 Biomechanical test 
In general, a linear increase from week 4 and thereafter was shown in both of the 
I : 
I ‘ i torque at bone failure and the torsional stiffness for all treatment groups (Fig.3.8a-b, 
Table 3.4, p.72-74). The values of the torque at bone failure and the torsional stiffness 
‘ f • 
in 35° group were higher than other treatment groups in week 6 but there was no 
significant difference found (Fig.3.8b, p.73). Torsional stiffness of both 0° and 35° 
groups was higher than the other two treatment groups, 22° and 48°，with significantly 
higher value than 22° group in week 4 (Fig.3.8b, p.73). There was no statistically 
f 
significance found between the treatment groups in the torque at bone failure in week 
4 but the torque at bone failure of 35° group became significantly higher than that for ‘ 
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the 0° and 22�groups in week 6 (Fig.3.8a, p.72). 
3.4 Histomorphological analysis 
3.4.1 Qualitative analysis 
Histomorphological analysis was used to assess the effects of LIPUS at different ; 
I 
• I 
angles on the callus components of the fracture. Qualitatively, in week 2，cartilaginous ‘ 
tissue formed by the early endochondral ossification in the soft callus and osseous 
tissue (mainly the woven bone) formed by the intramembranous ossification in the 
hard callus were observed in all of the LIPUS treatment groups (Fig.3.9, p.75). Area 
of the cartilaginous tissue decreased while the area of the osseous tissue increased 
from week 2 to week 8 in all of the groups (Fig.3.9-12，p.75-78): Endochondral 
ossification in the 35° group was higher than other treatment groups from week 4 to 
week 6 and at the same time, the 35° group showed more extensive bone bridging at | 
I > ！ 
the fracture site than other treatment groups (Fig.3.10-11, p.76-77). Furthermore, 
more extensive remodeling of woven bone was observed in 35° group in week 8 than 
all other treatment groups (Fig.3.12，p.78). 
» 
3.4.2 Quantitative analysis 
For quantitative analysis, relative area of the cartilaginous and osseous tissues 




tissue to total callus area (Cart.A/TA) in all the LIPUS treated groups decreased while 
the relative area of the osseous tissue increased from week 2 to week 8 in all the 
treatment groups. For 0° and 48° groups, both of the groups followed the patterns as 
mentioned with no significant difference found between other treatment groups 
(Fig.3.13a-b, p.79-81). Cart.A/TA of 22° group was significantly smaller than the two 
treatment groups, 0° and 35。，in week 4 (Fig3.13a, p.79). But on the other hand, the 
percentage of osseous tissue to total callus area (OA/TA) (Fig.3.13b，p.80) and the 
ratio of osseous tissue to cartilaginous tissue (OA/Cart.A ratio) of 22° group were 
significantly higher than all other treatment groups in week 4 (Fig.3.13b, p.80). 
t • 
However, the change of the percentage cartilaginous and osseous tissues areas to total 
callus area of 22° group became smaller after week 4. 
For 35° group in week 8，the Cart.A/TA was significantly smaller than all other 
treatment groups (Fig.3.13a, p.79) while the OA/TA of 35° group was higher than all 
other treatment groups although there was no statistical significant difference 
(Fig.3.13b，p.80). Nevertheless, the increase of OA/Cart.A ratio of 35° group from 
week 6 to week 8 was much higher than all other treatment groups and the ratio of 35 























































































































Score of fracture healing process 
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Fig. 3.2a The average score of the fracture healing process assessed by two blinded 
orthopedics surgeons using the standard scoring system (Fig.2.8c). The average score 
of the fracture healing in 35° group was higher than other treatment groups after week 
6 but there was no statistically significant differences p>.05 for all by one-way 
ANOVA (n= 11/group and the error bar represents 1 standard deviation of means). 
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Fig.3.2b The percentage of complete mineralized callus bridging of LIPUS treated 
groups at different angles and the control from week 5 to 8. The complete mineralized 
callus bridging was regarded as the sample with the score larger or equal to five in the 
previous mentioned scoring assessment (Fig. 2.8c). The complete callus bridging 
percentage of 22° group was higher than other treatment groups in week 5 and 6, but 
the bridging rate became no change after week 6 with 66.7% callus bridged from 
week 5 to 8. While in 35° group, about 92% of samples' callus bridged in week 8 and 
it was nearly 40 % more than the 0�groups and about 25% more than 22° and 48° 
groups. However, there was no statistically significant differences p>.05 for all by 
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Fig.3.3a The average callus area (mm^) was shown in the graph for all the LIPUS 
treated groups at different angles in week 2, 3, 4, 6 and 8. LIPUS treatment at 35° 
enhanced the increase of callus area. Quantitative radiographic analysis of callus area 
indicated that 35° group showed significantly larger callus area 22° group (#, p=.013 
in week 2, p=.007 in week 3 by one-way ANOVA). n=8/group and the error bar 
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Fig.3.3b The average callus width (mm) was shown in the graph for all the LIPUS 
treated groups at different angles in week 2，3，4，6 and 8. The callus width of all the 
groups was similar with the value about 2 to 2.5 mm in different time points and there 
were no significant differences among all the groups by one-way ANOVA. 
(n=8/group and the error bar represents 1 standard deviation of means.) 
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^ Statistical significance Parameter ( . Group Week (one-way ANOVA) 
Callus width (mm) Callus area (mm^) Callus width (mm) 
n=8/group 
G ( 0 ° ) 2.1 土 0.3 15.：3±1.4 
Y(35°) 2 2.0 士 0.5 17.5 士 2.8 Y>R p=013 
R(22。） 2.0 士 0.3 13.7 士 1.9 
B(48°) 2.0 士 0.3 14.7 士 2.3 
n=8/group 
G(0°) 2.3 士 0.3 18.0±1.2 
Y(35°) ^ 2.2±0.7 20.0士 2.7 Y>Rp=.007 
R(22°) 2.3±0.3 15.8 土 1.7 
B(48°) 2.2 士 0.4 17.5 士 2.1 
n=8/group 
G(0。） 2 . 0 士 0 . 4 1 7 . 5 士 2 . 4 
Y(35°) 4 2.0 士 0.5 18.6 士 2.6 
R(22°) 2.3 士 0.2 16.4 士 2.1 
B(48�) 2.2 士 0.3 18.1 士 1.9 
n=8/group 
G(0°) 1.8±0.4 15.7±2.3 
Y(35°) e 1.7 士 0.5 16.3 土 2.2 
R(22。） 2.1 士 0.3 16.2±3.4 
B(48�) 1.9士 0.3 17.3 士 2.1 
n=8/group 
G(0。） 1 .8 士 0 . 2 1 4 . 2 士 3 . 0 
Y (35°) 8 1.7 士 0.6 15.5 士 4.3 
R(22°) 1.9 士 0.3 12.9 士 2.7 
B(48�) 1.8 士 0.3 15.1 士 3.6 
Table 3.1 The summary of the callus width and area with 士 1 SD was shown in the 
table for all the LIPUS treated groups at different angles in week 2, 3, 4，6 and 8. 




G ( 0 �） Y ( 3 5 0 ) R(220 ) 6 ( 4 8 � ) 
Fig. 3.4a The representative 3D reconstructed images of all the LIPUS treated groups 
at different angles in week 2, 4，6 and 8.The fracture line of 35° group at the fracture 
gap started to obliterate in week 6 while the other treatment groups started to 
obliterate in week 8. 
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G ( 0 �） Y ( 3 5 0 ) R(220 ) 6 ( 4 8 � ) 
Fig.3.4b The representative 3D reconstructed images showing the low (Blue shaded 
area) and high (grey shaded area) radio-opacity bone of all the LIPUS treated groups 
at different angles in week 2，4，6 and 8.The fracture of 35° group bridged by the new 
cortex and trabecular bone (low radio-opacity bone) much earlier than other treatment 
groups in week 6. The mineralization of the 35° group was shown to be faster than 
other treatment groups and the highly mineralized callus tissue (high radio-opacity 
bone) of the 35° group appeared earlier and more in the callus in week 6 in the 3D 
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decrease from week 6 to week 8 in the total bone volume of callus and the total callus 
volume. The average total callus volume and the total bone volume of callus of all the 
groups at the same time point was similar with no statistically significant differences 
(p>.05 for all by one-way ANOVA). (n=3/ group for week 2; n=8/group for other 
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Fig.3.6a The graphs showing the low radio-opacity bone volume (BVl, mm ) of all 
the LIPUS treated groups at different angles in week 2, 4, 6 and 8. A linear increase 
from week 2 to week 6 followed with a gradual decrease from week 6 to week 8 were 
shown in all treatment groups. In week 4, the BVl of 48° group reached its peak and 
this was significantly higher than all other treatment and control groups with ^ (p<.05 
for all by one-way ANOVA). (n=3/ group for week 2; n=8/group for other weeks and 
the error bar represents 1 standard deviation of means.) 
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Fig.3.7a The graph showing the bone mineral density (BMD, mgHA/cm^) of all the 
LIPUS treated groups at different angles in week 2，4，6 and 8. The bone mineral 
density (BMD) of all the groups remained similar values from week 4 to 8. In week 2， 
the BMD of 35° was significantly higher than other two treatment groups, 0° and 22° 
groups with # (p<.05 for all by one-way ANOVA). The 48° group also showed 
significant differences with these two treatment groups, 0° and 22。，and also the 
control group with (p<.05 for all by one-way ANOVA). Nevertheless, the BMD of 
48° group was significantly lower than all the other treatment groups in week 4 with 
A2 (p<.05 for all by one-way ANOVA). (n=3/ group for week 2; n=8/group for other 
weeks and the error bar represents 1 standard deviation of means.) 
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Fig.3.7b The graph showing the bone mineral content (BMC, mgHA) of all the 
LIPUS treated groups at different angles in week 2, 4，6 and 8. The BMC increased 
gradually from week 2 to 8 in 0°，22° and 48°groups while for 35° group, the BMC 
value increased from week 2 to 6 and decreased gradually from week 6 to 8. The 
BMC value of the 35° groups was significantly higher than 22° group with # 
respectively (p<.05 for all by one-way ANOVA). (n=3/ group for week 2; n=8/group 
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Error bars: + / - 1 .00 SD 
Fig. 3.8a The graph showing the torque at bone failure (Nm) of all the LIPUS treated 
groups at different angles in week 4 and 6. A linear increase of the torque at bone 
failure from week 4 to 6 was shown in all the treatment groups. The torque at bone 
failure of 35° group became significantly higher than that for the 0° and 22° groups in 
week 6 with # (p<.05 for all by one-way ANOVA). However, there was no 
statistically significant difference found between the treatment groups in the torque at 
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Fig. 3.8b The graph showing the torsional stiffness (Nm/radian) of all the LIPUS 
treated groups at different angles in week 4 and 6. Torsional stiffness of both 0° and 
35° groups was higher than the other two treatment groups, 22° and 48°，with 
significantly higher value than 22° group in week 4 with ** and # respectively (p<.05 
by one-way ANOVA). In week 6, the torsional stiffness of 35° group was higher than 
other treatment groups but there was no significant differences found. (n=8/group and 
the error bar represents 1 standard deviation of means.) 
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Parameter Statistical significance 
Group Week Torque at Torsional Torque at bone Torsional stiffness 
bone failure stiffness failure (Nm) (Nm/radian) 
(Nm) (Nm/radian) 
n=8/group 
G(0。） 0.195士0.023 0.033±0.007 v T. 
Y>R p= 010 
Y(35°) 4 0.181±0.046 0.035士 0.014 G>Rp=031 
R(22°) 0.159 士0.060 0.016士0.009 ‘ 
B(48�) 0.163 士0.058 0.020士 0.011 
n=8/group 
G(0°) 0.209±0.044 0.022士0.012 、，^ 。」， Y>G p=041 
Y(35°) e 0.344±0.120 0.040土0.032 Y>Rp=028 
R(22°) 0.206士0.089 0.020±0.012 ‘ 
B(48�) 0.265士0.085 0.025士 0.010 
Table 3.4 The summary of the torque at bone failure (Nm) and the torsional stiffness 
(Nm/radian) with 土 1 SD was shown in the table for all the LIPUS treated groups at 
different angles in week 4 and 6. Corresponding statistical significance was shown 
with p<.05 tested by one-way ANOVA. 
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Fig.3.9 The representative photomicrographs showing the histomorphology of the 
callus of all the LIPUS treated groups at different angles in week 2. Cartilaginous 
tissue formed by the early endochondral ossification in the soft callus and osseous 
tissue (mainly the woven bone) formed by the intramembranous ossification in the 
hard callus were observed in all of the LIPUS treatment groups, (magnification: 16X, 
H&E) (Ccartilaginous tissue; WB: woven bone, osseous tissue; CO: cortical bone; im: 
intramedullary canal; and arrowhead indicated the fracture site) 
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Fig.3.10 The representative photomicrographs showing the histomorphology of the 
callus of all the LIPUS treated groups at different angles in week 4. Area of the 
cartilaginous tissue diminished in all the groups but it decreased more obvious in 35° 
group and this suggesting that endochondral ossification in the 35° group was higher 
than other treatment groups, (magnification: 16X, H&E) (Cicartilaginous tissue; WB: 
woven bone, osseous tissue; CO: cortical bone; im: intramedullary canal; and 
arrowhead indicated the fracture site) 
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Fig.3.11 The representative photomicrographs showing the histomorphology of the 
callus of all the LIPUS treated groups at different angles in week 6. Area of the 
cartilaginous tissue decreased while the area of the osseous tissue increased in all of 
the groups. Earlier remodeling of woven bone and more extensive bone bridging were 
observed in the 35° group than other groups in week 6. (magnification: 16X, H&E) 
(C:cartilaginous tissue; WB: woven bone, osseous tissue; CO: cortical bone; im: 
intramedullary canal; and arrowhead indicated the fracture site) 
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Fig.3.12 The representative photomicrographs showing the histomorphology of the 
callus of all the LIPUS treated groups at different angles in week 8. Complete 
bridging of newly formed woven bone was observed in 35° group while other groups 
were still undergoing the endochondral ossification process. More extensive 
Remodeling of woven bone was observed in the 35° group than other groups in week 
8. (magnification: 16X, H&E) (Cxartilaginous tissue; WB: woven bone, osseous 
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Fig.3.13a The graph showing the relative percentage of cartilaginous tissue area 
(Cart.A) to the total callus area (CA) of all the LIPUS treated groups at different 
angles in week 2, 4, 6 and 8. The relative area of the cartilaginous tissue in all the 
LIPUS treated groups decreased from week 2 to week 8 in all the treatment groups. 
Relative area of cartilaginous tissue of 22° group was significantly smaller than the 
two treatment groups, 0° and 35°, in week 4 with ** and #1 respectively (p<.05 for all 
by one-way ANOVA). For 35° group in week 8，the relative cartilaginous tissue was 
significantly smaller than all other treatment groups with #2 (p<.05 for all). (n=3/ 
group and the error bar represents 1 standard deviation of means.) 
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Fig.3.13b The graph showing the relative percentage of osseous tissue area (OA) to 
the total callus area (CA) of all the LIPUS treated groups at different angles in week 2, 
4，6 and 8. The relative area of osseous tissue of 22° group was significantly higher 
than all other treatment groups in week 4 with * (p<.05 for all by one-way ANOVA). 
However, the change of the relative area of osseous tissues of 22° group became 
smaller after week 4. The relative osseous tissue of 35° group was higher than all 
other treatment groups but there was no statistical significant difference. (n=3/ group 




I 一 一 Y(35) 
#1 ……R(22) 
1 5 . 0 0 - / I / - — " B ( 4 8 ) 
g / 丨 Week4: 
§ / 一 _ * R > G p=.015 
< 10.00- / R>Yp=.029 
- r / Weeks： 
^ / # Y > G p = . 0 1 1 
O , / . . . r z Y>Rp=.016 
« — 7 * • • • • • • • • z Y>B p=,002 
5 . 0 0 - - T ：： 丄 
g 一今广 a r ± 
0 . 0 0 -
I , 1 1—' 
2 4 6 8 
Week 
Error bars: + / -1 .00 SD 
Fig.3.13c The graph showing the ratio of osseous tissue to cartilaginous tissue 
(OA/Cart.A ratio) of all the LIPUS treated groups at different angles in week 2, 4, 6 
and 8. The OA/Cart.A ratio of 22° group was significantly higher than all other 
treatment groups in week 4 with *(p<.05 for all by one-way ANOVA). However, the 
change of the ratio of 22° group became smaller after week 4. The increase of 
OA/Cart.A ratio of 35° group from week 6 to week 8 was much higher than all other 
treatment groups and the ratio of 35 ° group was significantly high in week 8 with # 
(p<.05 for all by one-way ANOVA). (n=3/ group and the error bar represents 1 
standard deviation of means.) 
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Parameter Statistical significance 
Group Week Cart.A/TA OA/TA … , � 八 Cart.A/TA OA/TA … � 八 (o/o) (o/o) • 抓 A (%) (0,0) OA/Cart.A 
n=8/group 
G(0°) 40.9±10.2 53.1士 8.3 1.52 士 0.5 
Y(35。） 3 9 . 4 士 6 . 3 52.8士 6 . 1 1.38 士 0 . 3 
R(22。） 34.8±3.4 57.8士 2 . 8 1 . 6 8 土 0 . 2 
B(48�) 34.1 士9.9 62.4士8.5 2.03士 0.8 
n=8/group R>G 
G(0°) 30.4±2.7 63.4士 2.2 2.10 士 0.3 ^ ^ ^ p=.006 ^ ^ ^ 
Y ( 3 5 ° ) 2 6 . 6 士 3 . 7 6 9 . 4 士 2 . 0 2 . 6 4 士 0 . 4 R > Y P 二 . ⑴ ； 
4 D= 046 
D , o i o 、 1 6 . 9 士 1 . 6 7 8 . 3 士 0 . 9 4.65士 0 . 5 Y>R ——R>Y R(22 ) p=.045 R>B p=.029 B(48�) 19.4 士 3.8 61.9 士 3.1 3.53 士 0.7 p=.003 
n=8/group 
G(0。） 27.8 士 1 . 2 68.6士2.5 2.47士 0 . 2 
Y(35°) 1 8 . 9 士 1 0 . 6 77.2士 1 1 . 9 5.53士3.4 
R(22。） 1 6 . 7 ± 4 . 7 76.7士3.3 4 . 8 2 士 1 . 6 
B(48°) 22.6 土3.5 59.5士 4.1 2.68 士 0.6 
n=8/group G>Y Y>G 
G(0°) 11.7 士0.8 79.5±9.8 6.85士 1.3 P=.017 P=.011 
o 5.96 士 1.3 88.8士 2.9 15.4 士 4.8 Y (35°) 8 p=.Q46 p=.016 
R(22°) 10.7±1.1 79.1 士 1.6 7.44士 0.6 B>Y Y>B 
B(48°) 12.8 士2.0 78.6土4.6 6.24士 1.0 p=.002 p=.002 
Table 3.5 The summary of relative percentage of cartilaginous tissue area (Cart.A) or 
osseous tissue area (OA) to the total callus area (CA) and the ratio of osseous tissue to 
cartilaginous tissue (OA/Cart.A ratio) with 士 1 SD was shown in the table for all the 
LIPUS treated groups at different angles in week 2, 4, 6 and 8. Corresponding 
statistical significance was shown with p<.05 tested by one-way ANOVA. 
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Assessment Week 0 22 35 48 
Radiographic 6 + 
healing 8 + 
Fracture healing 6 + + 
score 8 + 
Completed callus 6 + + 
bridging 8 
Callus area 3,4 + 
MicroCT - 3D 6,8 + 
images 
BVl 4 + *+ 
6 
BVh 6 + + 
8 + 
BMD 2 + *+ 
BMC 6 + + 
8 + 
Histomorphology 6,8 + 
Cart.A% 4 *+ *+ 
(significantly 8 
lower) 
0A% 4 *+ + 
8 
OA/Cart.A 8 *+ 
Mechanical test - 6 *+ 
torque at bone 
failure 
Torsional 4 + 
stiffness 6 + 
Table 3.6 The summary table of the results in different assessments for three different 
incident angles groups (22°, 35° and 48。）compared to the 0° group. (+ represented 
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the advanced result found for the different incident angle group to the 0° group; *+ 
represented statistically significant advanced result found for the different incident 
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Previous studies have shown LIPUS provided a beneficial mechanical stimulation ！ 
on the fracture site, enhanced the healing process and also accelerated the resumption of 
bone strength (Yang et aL, 1996; Wang et al, 1994; Rubin et al, 200; Clase et al, 2007; 
Hadjiargyrou et al., 1998; Azuma et al., 2001; Malizos et al., 2006; Hantes et aL, 2004). 
Moreover, many of the studies have shown the stimulatory effects of LIPUS 
influenced the major cell types involved in bone healing including chondrocyte (Parvizi 
et aL, 1999), osteoblast (Yang et al., 2005) and periosteal cells (Leung et al., 2004a). 
Furthermore, LIPUS was demonstrated statistically significant acceleration of fracture 
healing process: reducing the healing time in about 40% in two prospective double-
blinded, randomized, placebo-controlled clinical trials (Heckman et al., 1994; Kristiansen 
- i et al” 1997); improving fracture healing in the delayed union, nonunion cases (Nolle PA ！ ) �‘ 
et al., 2001; Gebauer et al, 2005; Jingushi et al., 2007) and complex fractures (Leung et 
al” 2004b). It was obvious that LIPUS was one of the promising noninvasive therapies 
for accelerating fracture healing process. 
Apart from the biological effects stimulated by LIPUS being widely studied, some 
of the studies have evaluated the effects of the signal parameters, like the intensity and 
frequency of LIPUS in order to investigate further improvement of the effects of LIPUS. 
Some of them showed significant increase in the bone strength by varying the intensity of 
LIPUS (Yang et al., 1996) but some of them showed there was no significant difference 
in increasing the bone strength when varying the frequency of LIPUS (Wang et al； 1994). 
However, few researchers studied on the methods of maximizing LIPUS on fracture 
healing. Ultrasound energy attenuates as ultrasound wave passes through the skin, soft 
I 
tissue and muscles to the bone, resulting in the loss of energy. Malizos et al, investigated 
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the effect of applying the transosseous LIPUS directly to the bone surface in order to 
avoid the energy loss. Although they showed that low intensity transosseous ultrasound 
accelerated fracture healing, increased cortical bone mineral density and mechanical 
I 
I 
strength (Hantes et al.’ 2004; Malizos et al” 2006)，transosseous ultrasound was invasive 
and thus its use in clinical application was limited. 
Besides, Reher et al. studied the long wave ultrasound (45 kHz) which could 
increase the penetration depth compared to the traditional high frequency ultrasound 
(IMHz). They showed that the long wave ultrasound induced a comparable or even 
higher enhancement of bone formation compared with the traditional ultrasound (Reher 
et al” 1998). Nevertheless, in their another study, they showed that both of the long wave 
and traditional ultrasound with recommended intensities produced the same effects on 
cell proliferation, protein ‘ synthesis, and cytokine production by human fibroblasts, 
osteoblasts, and monocytes (Doan et al., 1999). Thus, the beneficial effect of using the i 
I 
long wave ultrasound on fracture healing was still under investigation. 
These studies suggested maximizing ultrasonic energy to the fracture site may 
further enhance the beneficial biological effects of LIPUS on the fracture healing process. 
Therefore, by manipulating the physical properties of ultrasound wave, we hypothesized 
that transmitting the ultrasound in the critical angle may maximize and further enhance 
the stimulatory effects of LIPUS on the periosteum at the fracture site in order to 
accelerate the fracture healing process. The current study focused on investigating the 





4.1 Enhancement effects of LIPUS at different incident angles 
4.1.1 LIPUS transmitted at 35° accelerated the fracture healing process 
4.1.1.1 Callus bridging and callus mineralization 
Bridging of callus is a sign of healed fracture radiographically (Leung et al., 
I 
2004b). Earlier bridging of callus indicated a faster fracture healing. In scoring the i 
fracture healing process, the callus of 92% of samples in 35° group bridged in week 8 and 
it was nearly 40 % more than the 0° group and 25% more than 22° and 48° groups 
(Fig.3.2b, p.57). The average score of the fracture healing in 35° group was higher than 
0° group and other two treatment groups after week 6 despite no statistically significant 
differences (Fig.3.2a, p.56). 
I 
n • I 
Moreover, the obliteration of the fracture line and the bridging of the fracture gap 
of 35° group were more advanced than 0° group and other two treatment groups after 
week 6 no matter in radiographic analysis or 3D reconstructed images (Fig.3.1, 3.4a-b, i 
I , 
p.55, 61-62). These results showed that LIPUS transmitted at 35° further accelerated 
J 
bridging of callus and hence, the fracture healing process. More supports of advanced 
callus mineralization and bridging were found in the bone volume of callus and 
histomorphology. The bone volumes of callus (TV, BVt, BVl) in 35° group were higher 
than all other groups and especially for BVh (Fig.3.5a-b, 3.6a-b，p.63-66), which 
represented the highly mineralized callus bone volume, and BMC were significantly high 
in week 6 (Fig.3.7b, p.68) Furthermore, more extensive bone bridging and complete 
union of woven bone were observed in sanples of 35° group but none of the samples in 
other groups was found to have complete union in week 8 (Fig3.12, p.78). 
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4.1.1.2 Dose dependent effects of LIPUS - Maximization of ultrasound energy 
In 1983，Dyson and Brookers studied the stimulation effects of ultrasound on 
bone repair using a fibular fracture rat model (Dyson et al.，1983). They showed that 
about 78% more advanced radiographical and histological healing was found in 
ultrasound treated at frequency 1.5MHz but higher intensity (500mW/cm^) than untreated 
group. More energy certainly reached the fracture site by using higher intensity of 
I 
I 
ultrasound and this was a compensatory method of the attenuation of ultrasound when | 
transmitting through soft tissue and muscle. However, thermal effect (Wu et al, 1990a, b; 
Chang et al, 2002) may be a confounding factor in using high intensity ultrasound. In our 
study, LIPUS transmitted at 35° also demonstrated a 40% more advanced callus bridging 
and also radiographical and histological healing than 0° group. With using a lower 
intensity of pulsed ultrasound, which minimized the thermal effects (Duarte, 1983)，with 
using the current settings，but maximizing the amount of energy by varying the incident 
angle may be a better option to further enhance the fracture healing process. 
I 
Furthermore, Azuma et al in 2001, have studied the effects of LIPUS on different 
phasfes of fracture healing by using a rat femoral fracture model. They demonstrated more 
extensive callus bridging in both radiographical and histological qualitative analysis in 
group treating with LIPUS for 24 days than groups treating with LIPUS for shorter 
periods. Longer period of LIPUS treatment exerted more stimulation on fracture site than 
a short period of treatment. The current study also found that LIPUS transmitted at 35°, 
which may maximize ultrasound energy on fracture site, showed even more advanced 





2001) was also consistent with our study that maximizing LIPUS energy on fracture site 
may further enhance fracture healing. 
4.12 LIPUS transmitted at 35�enhanced the restoration of biomechanical properties 
in fracture healing process 
4.1.2.1 Biomechanical properties 
LIPUS transmitted at 35° not only showed an acceleration of the callus bridging, 
but also enhancement of restoring mechanical properties of fractured femur when 
i 
compared to all other treatment groups. Bone strength of 35° group showed significantly ‘ 
higher than all other treatment groups in week 6 as reflected by the significant higher 
torque at bone failure than 0° and 22° (Fig.3.8a, p.72). Torsional stiffness of 35° group 
was also higher than 0° and other two treatment groups despite no significant difference 
(Fig.3.8b, p.73). Further enhancement in bone strength of 35° group may be related to 
more mineralization in callus. Although the newly formed bone volume (BVl) of 48° 
group was significantly higher than all other groups including 35°group in week4，the 
variations of 48° group were large and the calcification of the newly formed bone into 
highly mineralized bone (BVh) was not as high as that of 35° group (Fig.3.6a-b, p.65-66). 
In 1994, Yang et al. studied the effects of LIPUS treatment with higher intensity 
(50mW/cm^) on fracture healing by using a rat femoral fracture model. They 
( 
demonstrated that higher intensity of LIPUS showed a significant increase in maximum 
I 
torque and torsional stiffness (27% and 39% respectively) than untreated control. As in 
our study, 35° group further enhanced torque at bone failure and torsional stiffness by 
about 39% and 45% respectively than 0° group in week 6 (Fig.3.8a-b, p.72-73). Yang's 
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and our study also reflected that transmitting more energy on fracture site may further 
I j I ； 
accelerate fracture healing process by enhancing restoration of bone strength of fractured : 
bone. 
4.1.2.2 Bone mineral density and hone mineral content 
Also, the bone mineral density (BMD) of 35° group in week 2 was similar to that 
of 48° group but it was significantly higher than other two treatment groups, 0° and 11� 
(Fig.3.7a, p.67). BMD evaluated by microCT measuring the amount of hydroxyapatite 
(HA), which is the main mineral component of bone, in the one unit (Imm^). In the 
earlier stage, the total bone volume in each group was relatively bw and it was assumed 
that the bone volume and the BMD of the original cortical bone in each group were ！ I I 
J 1 ‘ similar. The increase in the BMD in the early stage was mainly due to the earlier 
mineralization of the newly formed callus bone. The high BMD of 35° and 48° groups at 
earlier stage indicated the newly formed callus bone of these two groups was mineralized 
earlier than 0° and 22° groups. However, the mineralization of 48° group was 
significantly lower than other groups in week 4. The decrease in the BMD of 48° group 
was due to the rapid increase in the volume of relatively low density newly formed callus 
bone (BVl) in week 4 (Fig. 3.6a,'p.65) and this implied that the mineralization of 48° 
group was slow down after week 4 and this also consistent with the result found in BVh 
that the mineralization of 48° group was not as high as 35° group (Fig. 3.6b, p.66). Bone 
mineral content (BMC) measured the amount of HA in whole structure and the pattern of 
BMC was similar to that found in BVh (Fig. 3.6b, 3.7b, p.66,68). Also, it was shown to 
be related with mechanical stability of healing bone (Augat et al., 1997; Cattermole et al., 
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1996). This was agreed with our study that BMC of 35° group was higher than all other 
groups and especially 11�group in week 6 during which the torque at bone failure and i 
torsional stiffness of 35° group were higher than all other groups in week 6 (Fig.3.8a-b, | 
p.72-73). ‘ 
4.1.2.3 Highly mineralized callus area and volume 
Moreover, in 3D reconstructed images, the increase in the highly mineralized 
bone (BVh) of the callus close to the cortex bone (Fig.3.4b, p.62) reflected the 
calcification of newly formed bone which was then remodeled by resorption of the callus. 
The mineralization of the 35° group was shown to be faster than other treatment groups 
and the highly mineralized callus tissue (BVh) of the 35° group appeared earlier and 
more in the callus in week 6 (Fig.3.4b, p.62). Radiographs and histomorphology of 35° 
groi4) also showed more extensive mineralized osseous tissues than all other groups on or ！ 
after week 6 (Fig.3.1, 3.9-11, p.55, 75-77). In histomorphologic analysis, the percentage 
of osseous tissue area to total callus area (OA/TA) of 35° group was generally higher than 
all other groups although there was no significant difference detected (Fig.3.13b, p.80). 
Furthermore, the percentage of osseous tissue area to total callus area (OA/TA) 
J 
(Fig.3.13b, p.80) and the osseous tissue area to cartilaginous tissue area (OA/Cart.A) 
ratio (Fig.3.13c, p.81) of 21�group was significantly higher than all other groups 
including 35° group on week 4 but the increase of OA and OA/Cart.A ratio was slow 
after week 4. This implied that even though similar percentages of samples with bridged 
callus was observed in 22° and 35° groups in earlier stage of fracture healing, the 
/ enhancement effect in late stage of 22° group was not as good as 35° (Fig.3.2b，p.57). On 
92 
Discussion 
the other hand, the OA/TA of 35° group was higher than all other groups after week 4 
despite no significant difference (Fig.3.13b，p.80). The osseous tissue area to 
cartilaginous tissue area (OA/Cart.A) ratio of 35° group increased rapidly from week 6 to 
8 and was significantly higher than all other groups (Fig3.13c, p.81). This indicated that i 
more advanced mineralization of cartilaginous tissue to osseous tissue in 35° group in i 
late stage of fracture healing. In Azuma's study (Azuma et al., 2001) mentioned before, 
more extensive callus bridging and more osseous tissues were observed in both 
radiography and histology of the group treating with LIPUS for 24 days than other groups. 
Together with the more advanced mineralization of callus observed, the group treating 
with LIPUS for 24 days also showed significantly higher maximal torque and torsional 
stiffness by about 20% than other groups treating with LIPUS for shorter periods. 
(Azuma et al., 2001). These results also consistence with our findings that LIPUS 
transmitted at 35°, which with more ultrasound energy exerted on fracture site, enhanced 
the restoration of bone strength by accelerating the mineralization of callus and thus the 
I i callus bridging. 
4.2 The critical angle for further enhancing fracture healing 
4.2.1 LIPUS transmitted at 35° may be the first critical angle in this study 
Anitch et al. (1997) measured the velocity of ultrasound in bone by using 
ultrasound critical angle reflectometry (UCR) and showed that theoretically, the critical 
angle of ultrasound transmitted at water to the bovine femur interface is about 20°. When 
ultrasound propagated across a liquid to solid interface, total internal reflection of 
ultrasound occurs at critical angle of incidence. Critical angles of ultrasound are directly 
I ‘ I 
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related to the velocity of longitudinal and shear waves in the solid according to Snell's 
law as mentioned previously (Fig. 1.2, p.22). UCR is a technique that requires the 
generation of a pure pressure wave (i.e. a kind of longitudinal wave), which is produced 
at critical angle, in a liquid (Antich et al., 1997) to measure the velocities of ultrasound in 
a medium. Also, with the calculation by using Snell's Law and the experiment carried out 
by Smith and Nephew Inc., IT may be the critical angle for LIPUS transmitted at water 
to bovine femur interface. However, in biological condition, it was more complicated ！ 
because of involving the soft tissues, different types and shapes of bones which differ 
from the model using in Anitch's study, the calculation from Snell's Law and the 
experiment from Smith and Nephew Inc.. As in our in vivo model, rat femur instead of 
bovine femur and a soft tissue to bone interface instead of a water to bone interface were 
used, critical angles may be different from what we proposed in the 6. 
From the study of Mehta et al. in 2001, they measured the relationship of velocity 
of pressure wave (i.e. longitudinal wave) and bone strength on rat femur by using UCR 
technique (Mehta et al., 2001). From their study, the velocity of pressure wave 
propagated through the rat femur was ranged from 2600 to 3000 meter per second. By 
i ！ , I 
using the velocity of pressure wave found in Mehta's study for the calculation in Snell's i 
Law, the first critical angle for maximizing longitudinal wave on the rat femur was 
ranged from 27.6° to 32.3°. In our in vivo study, LIPUS transmitted at 35° showed a 
further accelerated callus bridging, more advanced mineralization of callus and enhanced 
mechanical properties when compared to other treatment groups, especially (T group 
after week 6 (Table 3.6，p.83). This may suggest that, the first critical angle which may 





than 22° in our rat femoral fracture model. 
4,2.2 Effects of different incident angles 
Although LIPUS transmitted at 35° showed further enhancement effects on 
fracture healing process and it may be the first critical angle in our in vivo model, 35° 
may not be an absolute and universal first critical angle in enhancing fracture healing in 
every kind of animals, including human. As in our study, LIPUS transmitted at 22° also 
showed a comparative score of fracture healing and similar percentage of samples with 
i 
I 
bridged callus with 35° group at early stage of fracture healing process (Fig. 3.2a-b, p.56-
57)，but the enhancement effect in the late stage of 22° group was poor than 35。，and 
similar with the 48° and 0° group no matter in callus bridging, callus mineralization and 
biomechanical properties restoration (Table 3.2, p.69; Fig.3.2a-b, 3.4a-b，3.6b, 3.8a-b, 
p.56-73). Besides 22° group, the newly formed callus volume in 48° group was 
significantly higher than all other groups (Fig. 3.6a, p.65) in the early stage of fracture 
healing process, while in' the late stage, callus bridging, callus mineralization and 
biomechanical properties restoration of 0°, 11�and 48�were similar with no significant 
differences. 
Different incident angles were shown to give some extents of temporal 
stimulatory effects on enhancing fracture healing, however, the results of the 
enhancement effects of different incident angles, especially for 2T and 48° groups, were 
diversified from the early stage to the late stage. This suggested that the effects of 
combination of longitudinal and shear waves from an oblique incident angle may have 
different temporal effects during a complex fracture healing process. According to the 
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Snell's Law, for an incident angle smaller than the first critical angle, most of the | 
i . 
longitudinal and shear waves propagated through the bone at the fracture site. For an 
incident angle between the first and second critical angle, most of the longitudinal wave 
reflected while shear wave could still propagated through the bone. Beyond the second 
critical angle, most of the longitudinal and shear waves reflected and resulting less 
ultrasound energy reached the bone at the fracture site. Different extend of energy 
reached to the fracture site at different incident angles, and this may be one of the reason 
for the diversified results found in the groups of different incident angles. However, the 
relationship between the amount of ultrasound energy transmitted by different incident 
angles and the different biological effects during the fracture healing process had not 
i 
I been/ studied, this was worthy to be investigated in the future. 
LIPUS transmitted at 35°, which was believed the first critical angle in our study, 
showed an overall enhancement effects to the fracture healing process (Table 3.6，p.83). 
Maximization of the combinations of longitudinal and shear waves at the first critical 
angle either transmitting along or into the fracture site may be one of the keys to the 
efficacy of the stimulatory effects of LIPUS on the fracture healing process. However, the 
first critical angle, 35。，may be limited in our rat femoral fracture model and for other 
kind of model such as human, there may be different critical angles for further enhancing 
the fracture healing process. 
4.3 I Mechanism of LIPUS at different incident angles on fracture healing process 
4.3.1 Endochondral ossification 




cartilaginous tissues overlaying the soft callus in the fracture site in the stage of hard 
callus formation. 
！ 
I Formation of cartilaginous tissue and changes of cartilaginous tissue to osseous 1 
i 
tissue are the signs of endochondral ossification. The percentage of cartilaginous tissue 
area to total callus area (Cart.A/TA) of 35° group was in general, higher than other two 
treatment groups, 22° and 48° and similar to that of 0�group from week 2 to 4 (Fig. 3.13a, 
P.79). Although the CA was similar to 0° group in earlier stages, CA of 35�group was 
smaller than all other groups from week 6 and significantly smaller than all others in 
week 8 (Fig. 3.11-12, p.77-78). From week 6 to 8，there was a rapid increase in the 
OA/Cart.A ratio of 35° group. Significantly high OA/Cart.A ratio was shown in week 8. 
Moreover, significantly higher highly mineralized callus bone volume (BVh) and BMC 
were also shown after week 6 (Fig. 3.6b, 3.13b, p.66，80). These suggested more 
j i 
advafnced calcification of cartilaginous tissue to osseous tissue in 35�group. This implied ! 
that the acceleration of fracture healing at 35° may be the results of further enhancement 
on the process of endochondral ossification. 
At the first critical angle which was believed to be 35° in our study, LIPUS energy 
in the form of longitudinal wave was iriaximized on the bone surface at the fracture site 
while shear wave could still propagated into the fracture site. Most of the amount of 
ultrasound energy in the form of longitudinal wave at the first critical angle might exert 
on the periosteum at fracture site. In our previous study, LIPUS was found to stimulate 
osteogensis of human periosteal cells (Leung et al, 2004a), with dose-dependent effect 
on the alkaline phosphatase (ALP), osteocalcin and VEGF expressions. These showing 
i the 6steogenic activity and the differentiation of periosteal cells might enhanced by the ‘ 
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LIPUS in dose-dependent manner (Leung et al, 2004a). Furthermore, our another 
previous study of the dose-dependent effect of LIPUS on the distraction osteogenesis 
(Chan et al.’ 2006) showed that the endochondral formation of intercortical region of 
callus was enhanced more effectively by the longer duration of LIPUS. It demonstrated i 
i 
that liieocartilage formed from the periosteal tissue and expanded into the intercortical 
region. The source of osteo-chonodropregenitor cells was provided by periosteal cells 
which were stimulated by LIPUS (Chan et al.，2006). 
Moreover, Unsworth et al demonstrated that LIPUS enhanced differentiation in 
preosteoblast cells which was shown by the increase in the AT P synthesis and MMP13 
expression. These changes of the cells increased the degree of mineralization (Unsworth 
et al., 2007). The periosteal cells treated with LIPUS could differentiate toward 
osteogenic lineage (Leung et al” 2004a) and the synthesis of the osteogenic markers like 
ALP was then increased with the cells differentiated, resulting in enhanced mineralization 
in endochondral ossification of fracture healing. ‘ 
I j 
i More LIPUS stimulations should be exerted on periosteum when LIPUS ‘ 
transmitted at critical angle because the LIPUS energy was maximized in the form of 
longitudinal wave on the bone surface at the first critical angle. This may indirectly 
increase the dose of LIPUS on periosteum and further enhance the osteogenic activity 
and differentiation of periosteal cells towards the osteogenic lineage. As a result, farther 
enhancement of the endochondral ossification on the callus occurs, thus accelerating the 
fracture healing process. 
4.4 Advantages in using LIPUS transmitted at critical angle 
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In the current study, the enhancement effects of LIPUS transmitted at critical 
angle in the rat femoral fracture model were of great clinical significance. Various studies 
were attempted to investigate the further improvement of LIPUS on accelerating fracture 
healing process. Altering the parameters such as frequency and intensity of LIPUS were 
the most common studies reported before (Yang et al., 1996，Wang et al, 1994). However, 
there are too many combinations of the frequency and intensity that is very time- and | 
； i labor-intensive to explore a beneficial setting. Other than varying parameters of LIPUS, 
Malizos et al investigated the effect of applying the transosseous LIPUS in order to avoid 
the energy loss. Although enhancement effects of transosseous LIPUS on fracture healing 
were reported in vivo, the invasiveness greatly limits its use in clinical applications. The 
current study, based on a noninvasive and standard LIPUS setting with the FDA approval, 
we have demonstrated the further enhancement of the biological effects of LIPUS on 
fracture healing by modulating the incident angle at 35�. Critical angle of LIPUS on 
enhancing fracture healing in vivo may differ from clinical studies. Therefore, the current 
study provides insight to further investigate the stimulatory effects of LIPUS transmitted 
at critical angle in clinical application. Current study, moreover, demonstrated the i 
» ! 
potehtial of LIPUS on fracture healing that could be further enhanced by manipulating 








4.5 Limitations of the study 
4.5.1 Animal model 
Even though rat femoral fracture model was well established (Einhorn, 1984) and 
widely reported in studying closed fracture healing (Wang et al” 1994; Yang et al, 1996; 
Azuma et al., 2001), the skeletal anatomy of rat was different from human. One of 
differences is that there is no longitudinal bone growth occurred in adult human but it is 
still present in 9-month-old rat skeletons (Jee, 2001). Another difference is the lack of 
Haversian's system and low level of Haversian remodeling in rat than that of human (Jee, 
‘ I 
2001). Stimulatory effects of LIPUS transmitted at different angles may be different 
between rat and human due to the difference in the skeleton anatomy, therefore, it is 
worthy to further investigate the effects of LIPUS transmitted at different angles clinically. 
4.5.2 Treatment sites of LIPUS transmitted at different incident angles 
Fractured femur was used to investigate the effects of LIPUS transmitted at 
different incident angles, 0。，22。，35° and 48。，in this study. Surface of femur is relatively 
smooth and regular in shape which helps to facilitate the transmission of ultrasound wave 
onto the fracture site and along the bone surface. Transmitting ultrasound wave on a non-
uniform surface between two media may result in scattering of waves, that is the changes i 
I 1 
of direction of motion and part of energy is redirected of waves (Wells, 1969). Moreover, 
the soft tissue and muscle near femur of rat is relative thinner than that in human. 
Attenuation of ultrasound wave may be more obvious if transmitting LIPUS on the femur 
in human. Therefore, the incident angle found to be effective in enhancing fracture 





i clinical practice. ！ 
4.5.3 Types of fracture 
LIPUS was reported to be effective in improving fracture healing in the delayed 
union, nonunion cases (Nolte et al., 2001; Gebauer et al” 2005; Jingushi et al., 2007) and 
complex fractures (Leung et al, 2004b). In the current study, effects of LIPUS 
transmitted at different incident angles, 0。，22。，35° and 48°，on transverse femoral 
fracture was being studied. The incident angle found to be effective on enhancing fracture 
I 
healing in this study may not demonstrate similar stimulatory effects on other types of 
fracture because there are different stability and biological environments in different type i 
i 
of injuries. Tissues and cells in different types of fracture may have different respond to 
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Based on the physical properties of ultrasound, we testified the hypothesis that 
LIPUS might enhance the treatment effect on fracture healing at critical angle of 
application by maximizing the energy of LIPUS on periosteum and hence accelerating ： 
the fracture healing. LIPUS transmitted at different incident angles (22。，35�and 48�) do 
show enhancement effects on fracture healing than the normal angel (f with regards to 
the radiographic healing, bone micro-architecture, histomorphology and mechanical 
properties. 
Although different incident angles give some extents of different temporal 
stimulatory effects on enhancing fracture healing, LIPUS transmitted at 35�showed an 
J ； overall more advanced enhancement on fracture healing. LIPUS transmitted at 35° 
showed a further accelerated callus bridging, advanced mineralization of callus and 
» 
enhanced mechanical properties when compared to other treatment groups, especially CP , 
I ！ group. While in 22° group, it showed comparable mineralization rate at earlier stage of 
fracture healing with 35�group but the enhancement effects slowed down after week 4. 
Effects of LIPUS transmitted at 22�showed stimulatory effects at earlier stage, but in 48° 
group, effects which did not show much enhancements on fracture healing, were similar 
to that of 0° in general. 
LIPUS transmitted at 35。，which may maximize the amount of ultrasound energy 
onto periosteum and stimulate different types of cells involved in fracture healing process. 
However, the dose-dependent and the actual biological effects of LIPUS transmitted at 
different angles occurred on the periosteum or periosteal cells have not been proven in 
' i \ 
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the current study and this should be further investigated. 
Various studies were also attempted to investigate the further improvement of 
LIPUS on accelerating fracture healing process but their clinical applications were 
limited by either invasiveness or non-standardized settings used. The current study, based ； 
on i noninvasive and standard LIPUS setting with the FDA approval, we have 
demonstrated the further enhancement of the biological effects of LIPUS on fracture 
healing by modulating the incident angle at 35°. Therefore, the current study provides 
insight that the stimulatory effects of LIPUS transmitted at 35° may be a better option to 
be further investigated in clinical application. 
In summary, the current study showed that LIPUS transmitted at 35° enhanced the 
stimulatory effects of LIPUS on fracture healing by accelerating the callus bridging and 
the restoration of mechanical properties of fractured femur LIPUS transmitted at 35° 
may be the first critical angle on accelerating fracture healing in our rat femoral fracture 
i 
mod^l. Stimulatory effects of LIPUS transmitted at 35° in either biochemically or i 
















6.1 Protocol and regime of LIPUS transmitted at different angles ！ 
The current study suggested that the critical angle that may further enhance the 
biological effects of LIPUS on fracture healing under biological condition may be a range 
near 35°. Range of incident angles around 35° could be testified in order to investigate 
the most effective incident angle on enhancing fracture healing in biological condition. 
Although the current study demonstrated enhancement effects on fracture healing by 
using LIPUS at critical angle, it was an in vivo study that may not exert the same 
enhancement effects on human. Due to the difference of skeletal anatomy between rat 
and human, double-blinded, randomized, placebo-controlled clinical trials should be 
conducted to investigate the effects of LIPUS transmitted at critical angle on fracture 
\ 
j 
healing. Moreover, attenuation of LIPUS is more obvious in human due to a thicker soft 
tissue LIPUS required to transmit through. Therefore, clinical trials could be first testified 
at fracture site such as tibia which with thinner soft tissue in order to enhance the 
stimulatory effects of LIPUS at critical 'angle. 
In this study, dose-dependent effect of LIPUS was believed to be one of the 
reasons to enhance the biological effects of LIPUS by transmitting at critical angle onto 
the fracture site. Duration and numbers of treatments per day of LIPUS transmitted at 
critical angle is worthy to investigate. 
6.2 Periosteum-stripped fracture model 
LIPUS transmitted at critical angle, which may maximize the amount of 
ultrasound energy onto the fracture site, is believed to enhance the biological effects on 
periosteum. However, this hypothesis cannot be directly proven in this study and with the 
current technology, it is not easy to measure the energy of LIPUS reached on periosteum 
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either. Periosteum-stripped fracture model may be one approach to counter-prove the role 
of the periosteum which is stimulated by LIPUS transmitted at different incident angles •； 
t I during the fracture healing process. Ozaki et al. (2000) studied the role of periosteum ！ 
during fracture healing by using the periosteum-stripped rat tibia fracture model. They 
reported that with removing the periosteum, little chondrogensis was observed in callus 
when compared to untreated controls. This study suggested that periosteum is important 
in mediating the primary steps of chondrogensis and endochondral ossification, which are 
the important stages influenced by LIPUS in callus. Thus, enhancement effects of facture 
healing especially on endochondral ossification of LIPUS transmitted at critical angle 
should diminish by using a periosteum-stripped fracture model. This could counter-prove 





6.3 Molecular mechanism of LIPUS transmitted at different incident angles 
In the recent years, researchers started to depict the mechanism of LIPUS on 
different cells and tissues (Zhang et al., 2003; Wang et al., 2004; Warden et al, 2001; 
Ebisawa et al” 2004; Zhou et al, 2004; Parvizi et al” 1999，2005) by how LIPUS 
accelerates the fracture healing process. Moreover, LIPUS as mechanical stimuli, which 
may act on mechanoreceptors like integrins, was demonstrated the stimulatory effects on 
the mechanotransduction pathway of fibroblast and osteoblasts. (Zhou et al, 2004; Tang 
et al” 2006). Molecular investigations of LIPUS transmitted at different incident angles 
are worthy to investigate. DNA mirco array and RT-PCR could be used to study the 
‘ i 
expression of genes and the corresponding signaling cascades of LIPUS in response to 
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different incident angles in molecular level. Moreover, western blotting could be used to 
investigate the expression of proteins such as mechanoreceptors and growth factors of 
LIPUS in response to different amount of ultrasound energy and types of wave in protein 
t 
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